Compression of purified, unoriented, highly crystalline single-wall carbon nanotube material reveals an exceptionally large and reversible volume reduction. Density increases rapidly with increasing pressure, approaching that of graphite, and recovers completely upon pressure release. The reversible work done in compressing to 29 kbar is 0.18 eV͞C atom. We attribute this effect to crushing, or flattening the tube cross section from circular to elliptical. [S0031-9007(98)08140-X]
Single wall carbon nanotubes (SWNT) exhibit interesting physical properties such as metallic conductivity, high stiffness, and axial strength. Molecular dynamics simulations indicate that SWNT can survive extreme distortions without bond breaking [1] . For example, a 180 ± bend creates a kink at which the circular cross section is flattened into a bilayer. Scanning probe experiments confirm that such deformations exist and are reversible [2] . This behavior is unique to nanotubes in the family of carbon allotropes; neither graphite nor C 60 possesses reversible deformation modes which reduce the volume. Thus SWNT may provide a practical realization of Bridgman's statement that "graphite is nature's best spring."
SWNT's produced by double laser ablation of metaldoped graphite targets show a diameter distribution peaked around 13.6 Å. The tubes are packed in a two-dimensional triangular close-packed lattice, with intertube spacing 3.4 Å typical of van der Waals (VDW) interactions [3] . Taking into account the very low compressibility expected along the nanotube axis, one may assume the bulk modulus of nanotubes to be close to its two-dimensional analog. The calculated elastic modulus of a (10, 10) SWNT lattice by Lee and Girifalco is 5.3 3 10 10 Pa [4] , which gives a volume compressibility k y 1.9 3 10 23 kbar 21 . Calculations by Tersoff and Ruoff [5] give comparable values, and also show faceting of large-diameter tubes which increases the van der Waals intertube bonding.
Graphite and solid C 60 are soft crystals whose bulk moduli are dominated by the van der Waals linear compliance along (respectively) one or three crystal axes. Both exist as free-flowing powders of rather uniform particle size and shape, such that compacted pellets of near-bulk density are readily obtained. On the other hand, bulk SWNT material consists of a highly tangled network of tube bundles or ropes, with many crossing points and a large fraction of empty volume. A traditional high-pressure experiment would consist of immersing the material in a fluid to guarantee hydrostatic pressure, and a measurement of volume or lattice constant to determine the van der Waals, or lattice, compliance. We report here quite a different experiment-volume vs pressure with no fluid-from which we deduce a reversible volume reduction up to 29 kbar which greatly exceeds that expected from the lattice compliance.
The samples studied contain randomly oriented and tangled rope bundles .100 Å in diameter and .10 mm long, a typical rope containing hundreds of close-packed tubes [3] . Measurements were performed on both asgrown and purified material [6] , with qualitatively similar results. Powder x-ray intensities from the triangular lattice are much stronger in the purified samples, signaling a greater fraction of tubes belonging to rope crystals and/ or fatter ropes than in the as-grown samples [6] .
Volume vs pressure was determined by observation of piston displacement in a piston-cylinder apparatus under pressure up to 29 kbar at 300 K. A cylindrical pressure vessel made of sintered tungsten carbide was forced into steel supporting rings with approximately 2 mm interference. Tungsten carbide pistons were polished to fit the cylinder bore; clearance between the pressure vessel and pistons did not exceed 0.01 mm. The internal diameter of the vessel was 7.03 mm. The pressure was applied by a 20 ton hydraulic press. The piston displacement was measured by two dial gauges rigidly connected to the ram, the smallest gradation 0.001 mm. Two gauges were used to check the parallelism of all the mating surfaces by the equal displacements on both gauges as the piston advanced. The piston displacement in various runs on a given standard substance are reproducible to 0.001 mm.
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The pressure was calibrated on the basis of the known phase transitions in bismuth, ammonium fluoride, cerium, and cesium. The accuracy in the determination of pressure is 0.14-0.40 kbar depending on the pressure range.
To obtain high accuracy in V ͑P͒, the contribution of the sample to the total volume should be large and the apparatus constants should be reproducible. In our measurements, the contributions of channel deformation and compression of pistons are small and highly reproducible. The measured elastic properties of the device, the deformation of the channel under pressure, and compressibility of steel sealing rings (well defined for the brand of steel used) are taken into account. The elastic dilation of the pressure vessel at high pressures and apparatus constant were determined from two experiments with varying amounts of lead in sample assemblies and from a blank run for the piston-cylinder apparatus without any high pressure cell inside. The accuracy of the measurements depends on the validity of the assumption of reproducibility of apparatus deformation, the estimation of the cylinder dilation under pressure, and the correction for friction in the apparatus [7] . The reproducibility of apparatus deformation in a well-seasoned pressure vessel follows from the close agreement of the values on successive runs with standard substances and by the agreement in compression values calculated from two runs made on the same substance on different occasions. The calibration was checked by compression of Bi, the deviation of the V ͞V 0 data from the most precise piston-cylinder measurements made by Vaidya and Kennedy [7] kept in the range 0.02% 0.18%.
The main source of error was the small sample size, a few tens of mg. The length of the sample is ordinarily determined by a compromise between the requirements of ensuring that the pressure be hydrostatic and that the contribution of the sample volume change to the total piston displacement to be large. Pressure tends to become more hydrostatic as the length of the sample is reduced, while unfortunately the contribution of sample compression to total displacement becomes smaller. We obtained consistent results from two different samples from the same batch of material, with masses differing by a factor of 2.
As a final check, we performed V ͑P͒ measurements on several graphite samples with different grain size and particle shapes. In all cases, while the first two cycles up to 25 kbar are not reproducible, subsequent cycles give V ͑P͒ data which extrapolate to the crystallographic density at P 1 atm to within 2% (expected volume to within 0.0005 cm 3 ). Furthermore, the linear term in V ͑P͒ from such powders gives a volume compressibility at 1 atm of 2.77 3 10 23 kbar 21 in agreement with literature values [8] . Figure 1 shows a sampling of 12 cycles of piston displacement vs pressure up to 29 kbar for a purified SWNT sample weighing 34 mg. The starting density is
Thus the first few cycles are not reproducible, especially at low P, due to compaction, or pelletizing, of the highly porous starting material. This effect is even more pronounced with as-grown samples for which the initial density is only ϳ5 mg͞cm 3 . All subsequent cycles show reproducible V ͑P͒ behavior; data from the last three cycles superpose at all pressures to within 0.0001 cm. Between the 11th and 12th cycles the sample was maintained at 20 kbar for 16 h and the displacement remained absolutely the same. Figure 2 shows the density vs pressure derived from the 12th cycle. Open circles are the experimental data; the solid curve is a fit of V ͑P͒ to a Murnaghan equation of state:
where are the first and second pressure derivatives. Data from the 7th through 12th cycles extrapolate to very nearly the crystallographic density at 1 atm, indicating that essentially all of the porosity has been compacted out. This is not true for unpurified material, for which the 1 atm density saturates at about 1 g͞cm 3 after repeated cycling.
In a traditional experiment one would next calculate the log derivative of Fig. 2 to obtain the compressibility. For purified and fully compacted SWNT the apparent compressibility starts at ϳ100 3 10 23 per kbar near 1 atm, decreasing to ͑6 10͒ 3 10 23 per kbar at high pressure, still a factor of 3-5 greater than the theoretical value. Since the porosity has been removed, the large volume reduction and high apparent compressibility signal the presence of some other microscopic volume-reducing deformation. We consider a hierarchy of possibilities, shown schematically in Fig. 3 .
The 1 atm volume after compaction is determined by the 17 Å lattice constant, Fig. 3(a) . Taking 20 kbar as a reference pressure, the volume reduction expected from the theoretical van der Waals compressibility is only 2%, Fig. 3(b) , far less than the experimental value. Another effect is suggested by the calculation of Ref. [5] (see also Ref. [9] ). The cross section of tubes of diameter .15 Å distorts from circular to hexagonal, developing facets which optimize the van der Waals intertube bonding. One could imagine that under pressure, smaller diameter tubes also facet, Fig. 3(c) . The area of a hexagon is less than that of a circle of equal perimeter, and the triangular lattice packing is more efficient, leading to a net 17% volume reduction at 20 kbar, about half the experimental value. The dashed line at the bottom of Fig. 2 shows the expected pressure dependence of the volume assuming linear contributions from lattice compression and faceting. While the absolute value of 20 kbar is too low, the slope approaches the experimental one, suggesting that some kind of shape distortion is occurring.
In Fig. 3(d) we envision the tubes as being crushed into elliptical cross section, akin to stepping on a bundle of garden hoses. Once the SWNT material is compacted, the local forces will be far from hydrostatic; ropes are in contact with other ropes over substantial lengths, as opposed to sparse crossings in the as-grown material. Thus the reversible flattening observed at bending-induced kinks [1, 2] may be occurring in a substantial fraction of the material. Assuming further that this is a coherent process for all SWNT within a rope, the triangular packing will no longer be optimal and the lattice will transform to oblique symmetry, equivalent to the herringbone structure of many crystalline polymers [10] but with zero setting angle. For illustrative purposes, we optimized the lattice constants and ellipse axes to yield the experimental cell volume at 20 kbar, corresponding to a closest contact distance 3.2 Å between all neighbor pairs, assuming the setting angle 0 as depicted in Fig. 3(d) . We obtain a ratio of lattice constants b͞a 1.6 (triangular lattice 1.732) and ellipse major and minor axes 20 and 5 Å, respectively. Setting angles of 60 ± and 90 ± yield a minor increase and decrease, respectively, in cell volume. On the other hand, the uniformly elliptical cross section is an idealization, and continuum models may not be very accurate for these highly distorted cross sections.
The energy gain by volume reduction must overcome the strain at the high-curvature ellipse edges. Integrating the 12th cycle V ͑P͒ data to 29 kbar, we obtain 0.18 eV͞C atom, a small fraction of the C-C bond strength, which must be concentrated at these edges. At higher pressures, the minor axis will saturate at the graphite van der Waals interlayer spacing at that pressure, and bonds near the edges may break and reconstruct with those on neighboring edges, i.e., an irreversible transition from SWNT ropes to graphite. Postmortem TEM and powder x-ray diffraction studies after 90 kbar pressure cycling confirm that this indeed occurs [11] . A similar effect leads to diameter doubling of a substantial fraction of tubes after extended annealing at high temperature [12] . The dot-dashed curve at the top of Fig. 2 is the equation of state for graphite. At 20 kbar the graphite density is ϳ2.4 g͞cm 3 and the SWNT rope density has increased from 1.33 to ϳ2 g͞cm 3 . It seems reasonable that at sufficiently high pressure the data and this curve will meet, either continuously or by a jump from one curve to the other in a phase transformation.
Direct experimental tests of the elliptical distortion mechanism are not obvious. Since the effect is reversible below the threshold pressure for graphite formation, such tests must be performed in situ, ruling out, e.g., high resolution transmission electron microscopy. We attempted an x-ray experiment using a diamond anvil cell and doubly focused synchrotron radiation at NSLS beam line X7A (Brookhaven National Laboratory). Because of the poor crystallinity of the sample, the large widths and low Bragg peak intensities yielded a signal to noise ratio insufficient to distinguish circular from elliptical cross sections via the form factor. On the other hand, the upper bound on peak shifts at 30 kbar using a pressure fluid confirmed that the VDW compressibility is far too small to account for the volume change at that pressure.
The distortions in tube shape and lattice symmetry envisioned in Fig. 3(d) would also have profound implications for chemical doping or intercalation [13] . Since the cell volume at 20 kbar is only 0.67 of its 1 atm value, the trigonal channels initially present between circular tubes would now be too small for many guest species to enter the lattice. Similarly, a doped SWNT lattice should be considerably stiffer than the pristine material at modest pressures; at sufficiently high P one might expect phase separation into pure guest and pure SWNT according to le Chatelier's principle.
It is unlikely that a nanotube lattice will undergo pressure-induced cross linking analogous to what occurs in solid C 60 [14] , since the requisite orientational dynamics will be much more sluggish for long tubes than for small quasispheres. Electron microscopy studies show that ropes of SWNT are well preserved even after repeated 29 kbar pressurization. The observation of an irreversible transformation to graphite at even higher pressures is intriguing and should be pursued [11, 15] .
The large and reversible compression of SWNT's is surprising. We suggest that it originates from the crushing and flattening of tangled ropes of nanotubes, the nanotubes acting, in fact, as unusually highly reversible back-to-back leaf springs. If we make a spring of steel and apply 20 kbar pressure, it maintains its elastic material property but loses its property as a spring. In this sense nanotubes are absolute springs; after 25 kbar pressurization they keep their properties as a material (which depend mainly on the VDW interactions) but also as springs. The remarkable flexibility and resilience of multiwall carbon nanotubes under large strain was shown previously [16] . This remarkable resilience evidently occurs also for SWNT ropes, which exhibit correspondingly large values of volume compression at similar pressures. The results presented here suggest that SWNT rope material may be useful in the design of energy-absorbing composite materials.
